A theoretical underpinning of the standard model of fundamental particles and interactions is CPT invariance, which requires that the laws of physics be invariant under the combined discrete operations of charge conjugation, parity and time reversal. Antimatter, the existence of which was predicted by Dirac, can be used to test the CPT theorem-experimental investigations involving comparisons of particles with antiparticles are numerous 1 . Cold atoms and anti-atoms, such as hydrogen and antihydrogen, could form the basis of a new precise test, as CPT invariance implies that they must have the same spectrum. Observations of antihydrogen in small quantities and at high energies have been reported at the European Organization for Nuclear Research (CERN) 2 and at Fermilab 3 , but these experiments were not suited to precision comparison measurements. Here we demonstrate the production of antihydrogen atoms at very low energy by mixing trapped antiprotons and positrons in a cryogenic environment. The neutral anti-atoms have been detected directly when they escape the trap and annihilate, producing a characteristic signature in an imaging particle detector.
The current experiment, called ATHENA, seeks to compare the frequency of the 1S-2S electronic transition (ground state to first excited state) in hydrogen with that in antihydrogen. This frequency has been measured in hydrogen 4 to an accuracy of 1.8 parts in 10
14
. Obtaining similar precision in antihydrogen is possible in principle, but only if very cold (of the order of a few kelvin) anti-atoms are available.
Located adjacent to the antiproton decelerator 5 (AD) ring at the CERN laboratory in Geneva, the ATHENA apparatus comprises four main subsystems: the antiproton catching trap, the positron accumulator, the antiproton/positron mixing trap, and the antihydrogen annihilation detector. All traps in the experiment are variations on the Penning trap 6 , which uses an axial magnetic field to transversely confine the charged particles, and a series of hollow cylindrical electrodes to trap them axially (Fig. 1a) . The catching and mixing traps are adjacent to each other, and coaxial with a 3 T magnetic field from a superconducting solenoid. The positron accumulator has its own magnetic system, also a solenoid, of 0.14 T. A separate cryogenic heat exchanger in the bore of the superconducting magnet cools the catching and mixing traps to about 15 K. The ATHENA apparatus 7 features an open, modular design that allows great experimental flexibility, particularly in introducing large numbers of positrons into the apparatus-an essential factor in the current work.
The catching trap 8 slows, traps, cools and accumulates antiprotons. To cool antiprotons, the catching trap is first loaded with 3 £ 10 8 electrons, which cool by synchrotron radiation in the 3 T magnetic field. Typically, the AD delivers 2 £ 10 7 antiprotons having kinetic energy 5.3 MeV and a pulse duration of 200 ns to the experiment at 100-s intervals. The antiprotons are slowed in a thin foil and trapped using a pulsed electric field. the axial potential configuration of a nested Penning trap 11 ( Fig. 1b) , which permits two plasmas of opposite charge to come into contact. In ATHENA, the spheroidal cloud of positrons can be characterized by exciting and detecting axial plasma oscillations, as demonstrated by ref. 12 . Typical conditions are: 7 £ 10 7 stored positrons, a radius of 2-2.5 mm, a length of 32 mm, and a maximum density of 2.5 £ 10 8 cm 23 . Central to the observations reported here is the antihydrogen annihilation detector 13 ( Fig. 1a) , situated coaxially with the mixing region, between the outer radius of the trap and the magnet bore. The detector is designed to provide unambiguous evidence for antihydrogen production by detecting the temporally and spatially coincident annihilations of the antiproton and positron when a neutral antihydrogen atom escapes the electromagnetic trap and strikes the trap electrodes. An antiproton typically annihilates into a few charged or neutral pions 14 . The charged pions are detected by two layers of double-sided, position-sensitive silicon microstrips. The path of a charged particle passing through both microstrip layers can be reconstructed, and two or more intersecting tracks allow determination of the position, or vertex, of the antiproton annihilation. The uncertainty in vertex determination is approximately 4 mm (1j) and is dominated by the unmeasured curvature of the charged pions' trajectories in the magnetic field. The temporal coincidence window is approximately 5 ms. The solid angle coverage of the interaction region is about 80% of 4p.
A positron annihilating with an electron yields two or three photons. The positron detector, comprising 16 rows, each row containing 12 scintillating, pure CsI crystals 15 , is designed to detect the two-photon events, consisting of two 511-keV photons that are always emitted back-to-back. The energy resolution of the detector is 18% full-width at half-maximum (FWHM) at 511 keV, and the photo-peak detection efficiency for single photons is about 20%.
The maximum readout rate of the whole detector is about 40 Hz. Ancillary detectors include large scintillator paddles external to the magnet, and a thin, position-sensitive silicon diode through which the incident antiproton beam passes before entering the catching trap.
To produce antihydrogen atoms, we fill a positron well in the mixing region with about 7 £ 10 7 positrons and allow them to cool to the ambient temperature (15 K). The nested trap is then formed around the positron well. Next, approximately 10 4 antiprotons (three AD shots) are launched into the mixing region by pulsing the trap from one potential configuration (dashed line in Fig. 1b) to another (solid line). The mixing time is 190 s, after which all particles are dumped and the process repeated. Events triggering the imaging silicon detector (three sides hit in the outer layer) initiate readout of both the silicon and the CsI modules. We refer to this procedure as 'cold mixing'.
A second type of procedure, 'hot mixing', involves radiofrequency heating of the axial motion of the positron plasma. During the mixing cycle with antiprotons, the positrons are maintained at a temperature of several thousand kelvin. The positron temperature is monitored using the plasma mode analysis technique of ref. 12 . The two mechanisms of antihydrogen formation expected to be important in ATHENA, radiative recombination and three-body recombination 16 , should be effectively suppressed at the hot mixing temperature, although the positrons and antiprotons still interact.
For comparison and for investigating background processes, we loaded antiprotons into the interaction region without positrons and accumulated detector data. The resulting data set is referred to as 'antiproton only'.
For cold mixing, interaction of the two particle species is immediately apparent, as the kinetic energy of the antiprotons is rapidly reduced (,1 s, an upper limit set by our current experimental method) to the level corresponding to the positron well. The cooling process is observed by lowering the wall of the antiproton well to various levels and recording the antiproton loss on the external scintillators. Such cooling has been reported previously 17 , but with a factor of 300 fewer positrons. Our measurements of antiprotons without positrons show no such cooling effect, also indicating effective removal of electrons.
At the start of cold mixing, we observe a rapid jump in the rate of antiproton annihilation, rising to a value that is tenfold higher than that for hot mixing. The positron loss during hot mixing is indistinguishable from that during cold mixing.
Subsequent observations are based on analysis of the annihilation detector data. Antiproton annihilation vertices are reconstructed from the silicon detector data using standard techniques 18 . For each vertex, we search for 'clean' evidence of 511-keV photons in the crystal data. A charged particle hit in a crystal, or an outer-layer silicon hit lying in the footprint of a crystal, excludes that particular crystal and its eight nearest neighbours. Next, we demand that exactly two of the remaining crystals have hits in an energy window around 511 keV, and that there are no hits of any energy adjacent to these two crystals. Energy calibration data, measured for each individual crystal, are used in this test.
To search for antihydrogen in the sample of events having a vertex and two 'clean' photons, we consider the opening angle, v gg , between the lines connecting the vertex point to the geometric 610 vertices reconstructed, 5,658 clean events plotted) . The filled circles represent cold mixing data, analysed using an energy (E g ) window displaced upward so as not to include the 511-keV photo peak; no angular correlation of photons is seen.
centres of the two hit crystals. For an antihydrogen event, this angle should be 1808 (or cos (v gg ) ¼ 21). The opening angle distribution for reconstructed events detected during cold mixing is shown in Fig. 2a . The equivalent plots for hot mixing (Fig. 2a) and antiproton-only (Fig. 2b) data are also shown. Compared with the hot mixing and antiproton-only data samples, the cold mixing data display a marked enhancement of events close to cos (v gg ) ¼ 21, indicating antihydrogen production. Analysis of the cold mixing data using an energy window that does not include the 511-keV peak in the crystal spectra yields no evidence for antihydrogen (Fig. 2b) .
The shape of the cos (v gg ) distribution predicted by Monte Carlo analysis of our detector for pure antihydrogen annihilation agrees well with the cold mixing measurement. In particular, the width of the peak close to cos (v gg ) ¼ 21 is the same for our data and for the Monte Carlo simulation. The dominant background for the experiment is caused by antiproton annihilations that contain a neutral pion, the decay of which produces electromagnetic showers in the material surrounding the trap and can lead to 511-keV signals in the CsI crystals. Our antiproton-only data (Fig. 2b ) rule out this process as a source of antihydrogen-like signal in our cold mixing data. The shape of a Monte Carlo simulation of antiproton-only events also agrees well with our measurement. Other sources of background, such as cosmic rays and background from the accelerator complex (AD injection and extraction) have also been excluded. The probability for accidental temporal coincidence of antiproton and positron annihilation is negligible during mixing, as determined from measured trigger rates for each part of the detector. Furthermore, Monte Carlo simulations of this background indicate no enhancement in opening angle at 1808. Correlated loss due to scattering of antiprotons on positrons outside of the spheroidal cloud is ruled out by rate and dynamical considerations.
Further confirmation of antihydrogen production can be seen in the cold mixing data if the distribution of all antiproton annihilation vertex positions is projected onto a plane perpendicular to the magnetic field (Fig. 3a) . A clear image of the trap electrodes is obtained, consistent with neutral anti-atoms annihilating on the wall. This observation also implies that many more antihydrogen atoms are produced than are actually detected through their angularly correlated photons, a fact consistent with our Monte Carlo analysis. The vertex distribution for mixing with heated positrons has a very different shape and no evidence of annihilation on the trap wall (Fig. 3b) . Rather, the antiprotons annihilate in the central region of the trap, probably owing to collisions with the residual gas or with trapped ions in the positron plasma. The average annihilation rate for hot mixing is about a factor of 4 smaller than that for cold mixing, whereas the peak ratio is about a factor of 10 smaller, as observed above.
If we consider cold mixing data only in the range cos(v gg ) , 20.95, we have detected 131^22 events with a reconstructed vertex and a pair of back-to-back, 511-keV photons above a conservatively scaled antiproton-only background. With an upper limit of the detection and reconstruction efficiency of 2.5 £ 10 23 , on the basis of Monte Carlo analysis, we estimate that at least 50,000 antihydrogen atoms were created during cold mixing. This can be compared with the total number of antiprotons mixed, about 1.5 £ 10 6 . It is premature to discuss absolute production rates in our experiment, but it is noteworthy that the time distribution of the cos (v gg ) , 20.95 events parallels the total annihilation rate during mixing. Further study is also needed to identify the mechanism of antihydrogen formation. We note that the present detection method does not identify the quantum state of the produced antihydrogen atoms. This is a question of considerable practical importance for future experiments involving trapping of neutral anti-atoms, as the demonstrated trapping techniques for hydrogen are only applicable to ground-state atoms.
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